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T
hose of you, like this author,
who have managed to stay alive
for close to eight decades or
more, will have had the experi-

ence of observing increasing degrees of
phenotypic discordances among our
identical twin friends as we age to-
gether. They may succumb to the same
disease, but often the age of onset is
years or even decades apart. An inter-
esting example is a report of twins, both
of whom developed histologically con-
firmed dementia of the Alzheimer’s
type; one had the diagnosis in her late
60s but the other was not diagnosed un-
til age 83 (1). The conventional wisdom
is that the bulk of these differences can
be attributable to good or bad luck with
one’s environmental exposures, to the
quality of medical and spousal care (or
abuse), or to learned behavioral differ-
ences in how we exercise (perhaps men-
tally and physically) and what we eat,
drink, or smoke, among myriad other
possibilities. Many have assumed that,
apart from some rare point mutations or
aberrant chromosomal segregations and
their impacts upon the emergence of
neoplastic diseases, the differences we
see are not due to heritable changes in
cells. There is growing interest, however,
in that class of potentially heritable
change in DNA that is not associated
with alterations in the primary nucleo-
tide sequence or copy number but
rather is modulated by what Joshua
Lederberg (2) long ago referred to as
‘‘epinucleic.’’ Modern molecular genetics
now points to two major classes of such
alterations: methylations of cytosine at
cytosine-guanine dinucleotides and co-
valent modifications of DNA-bound his-
tones, notably acetylations and methyla-
tions. Cytosine methylations at regions
of gene promoters rich in CpG islands
are generally associated with the silenc-
ing of genes, whereas histone acetyla-
tions are generally associated with the
activation of genes.

Gene Expression Studies Reflect Increase
in Variation Between Twin Pairs as
They Age
In this issue of PNAS, a group of Span-
ish, Swedish, Danish, English, and
American investigators report their find-
ings of both global and locus-specific
differences in DNA methylation and
histone acetylation in identical twins of
various ages (3). Their general conclu-
sion is that whereas young identical twin
pairs are essentially indistinguishable in

their epigenetic markings, older identi-
cal twin pairs show substantial varia-
tions. Moreover, and of considerable
importance, were their studies of gene
expression in these aging twin pairs. Dif-
ferences in gene expression among older
twin pairs were some four times greater
than those observed in young twin pairs.

The studies reported by Fraga et al.
(3) in this issue of PNAS mostly used
peripheral blood lymphocytes, but a
smaller number of samples of buccal
mucosal epithelial cells, skeletal muscle
biopsies, and aspirations of s.c. fat pro-
vided results consistent with the conclu-
sions from the research with lymphocytes.
The authors therefore concluded that
there is indeed widespread ‘‘epigenetic
drift’’ associated with aging. Their article
cites other lines of evidence consistent

with an important role of epigenetic
alterations in aging mammalian tissues.
A particularly nice example is one re-
ported from the David Burke laboratory
at the University of Michigan. Their
studies of age-associated activation of
epigenetically repressed genes in aging
mouse tissues indicate that they are per-
haps two orders of magnitude greater
than somatic mutations (4). The present
study is by far the most comprehensive
and detailed study of age-associated
epigenetic changes so far reported, cer-
tainly for the case of human subjects. It
is a technical tour de force with the uti-
lization of a battery of powerful molecu-
lar genetic methodologies coupled with
competitive chromosomal hybridizations.

The reported epigenetic shifts in these
aging identical twins could have arisen
through endogenous, stochastic mecha-
nisms, independent of environmental
perturbations, or could have resulted
from such environmental perturbations.

See companion article on page 10604.
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Fig. 1. Genetically identical animals aged under rigorously controlled environments (in this case,
C. elegans worms in spinner cultures) (16) exhibit wide ranges of lifespans. Such survival curves have been
observed for inbred and outbred strains of fruit flies, mice, rats, and hamsters, among many other species
whose lifespans have been observed under controlled experimental conditions. Such curves are also
typical of outbred humans. The data in this figure (and in many other recent studies employing very large
numbers of animals) (17) do not fit the classic Gompertz model of a continuous exponential increase in
mortality. [Reproduced with permission from ref. 16 (Copyright 1998, The Gerentological Society of
America).]

There is widespread
‘‘epigenetic drift’’

associated with aging.
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The fact that there was an association
between the extent of environmental
differences between twins (lifestyles,
time spent together, etc.) and the de-
gree of epigenetic shifts cannot defini-
tively answer that question. Moreover,
one cannot know from this data the ex-
tent to which specific gene alterations
were adaptive or nonadaptive. Although
the classic evolutionary biological theory
of why aging exists argues that senescent
phenotypes are nonadaptive (5), com-
pensatory changes in gene expression
can continue for some decades after the
peak of reproductive activity; I have re-
ferred to such compensatory changes in
gene expression as ‘‘sageing’’ (6). One
can imagine various degrees of the effi-
ciency of such compensations, thus lead-
ing to widening discordances among
aging identical twins.

Definitive Analyses Require Special
Methodologies to Account for Shifts in
Cellular Population Heterogeneity
I have one technical concern about
Fraga et al.’s (3) interpretations of their
results, however. Shifts in cellular popu-
lation heterogeneity within mammalian
tissues during aging are exceedingly well
established and have, in fact, been one
of the major stumbling blocks of bio-
chemical investigations of aging for
many decades. For the case of lympho-
cytes, the major cell types used for this
study, it is clear that, as people age,
samples of peripheral blood have pro-

portionately more memory T cells and
fewer naı̈ve T cells (7). There are also
nonmalignant clonal expansions of
classes of memory T cells in aged indi-
viduals (8). Each type of cell can be ex-
pected to have a characteristic profile of
gene expression. Thus, when admixtures
change during aging, the results of stud-
ies that use DNA and RNA from the
mass population may not reflect a
change in expression for a given specific
cell type but only a shift in the propor-
tions of different cell types in the sam-
ple. Similar arguments can be made for
the case of the other tissues examined.
Older individuals often have periodontal
disease. Scrapings of their buccal mu-
cosa may therefore include variable
amounts of inflammatory cells and, per-
haps, vascular cells, as well as buccal
mucosal epithelial cells; the proportion
of basal stem cells and stages of differ-
entiated cells within the epithelium may
be altered in aged, inflamed mucosa (9).
As a pathologist, I have observed vari-
able admixtures of fibrous connective
tissue and adipocytes in the skeletal
muscles of aging human subjects. s.c. fat
tissue is also heterogeneous, with vari-
able admixtures of histiocytes, fibro-
blasts, and vascular tissues; there are
also distinct classes of preadipocytes
(10). More definitive analyses of epige-
netic shifts in aging twins would there-
fore have to use such techniques as flow
cytometric separations of specific cell
types; these methods are particularly

well developed for the case of human
peripheral blood lymphocytes (11).

The last word has yet to be written on
the range of somatic mutational events
of relevance to the pathobiology of ag-
ing. Stochastic events such as retrotrans-
positions by long interspersed nuclear
element-1 (12), point mutations of
microRNAs (13), and segmental dupli-
cations and haploinsufficiencies (14, 15)
could also contribute to our observa-
tions that some identical twins seem to
age more rapidly than their siblings. My
guess, however, is that epigenetic shifts
will prove to be the most significant
class of altered genetic expression, de-
spite the caveats expressed in the pre-
ceding paragraph. We should also keep
in mind that biogerontologists work with
hundreds of genetically identical individ-
uals in their experiments. Moreover,
they do a very good job at controlling
environmental variations. Perhaps the
most striking example is the aging of
Caenorhabditis elegans grown in axenic
media in suspension cultures (16) (Fig.
1). In all these experiments, we see sur-
vival curves that reflect marked varia-
tions in ages of death. Are stochastic
epigenetic shifts responsible for the gen-
eration of worms, fruit f lies, mice, and
humans destined to have comparatively
short or long lives? Could these shifts be
taking place during early development,
thus setting the stage for differential
phenotypic expressions in late life?
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